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Herpesvirus saimiri codes, unlike most other herpesviruses, for a thynidylate synthase (TS). The TS gene of
herpesvirus saimiri is unusual in structure and regulation of expression. It is transcribed into a nonspliced
mRNA of 2,190 nucleotides. The single open reading frame of the viral TS gene, instructing a polypeptide of
33.5 kilodaltons, has extensive sequence homology with the corresponding TS coding sequences of human cells
and of various procaryotes; the putative polypeptide derived from the nucleotide sequence of the herpesvirus
saimiri TS gene is 70% identical with the human enzyme. The untranslated regions of the herpesvirus saimiri
TS gene do not share homology with the other characterized eucaryotic or bacterial TS genes. The 5'
untranslated sequence has 22 ATG triplets shortly followed by stop codons. The herpesvirus saimiri TS gene,
which may be weakly transcribed during immediate early and early times of virus replication, is maximally
expressed at the late phase. Various parameters suggest that the TS gene has been acquired in virus evolution
by an ancestral herpesvirus from the cellular genome.

Herpesvirus saimiri, a virus of squirrel monkeys (Saimiri
sciareias), induces malignant lymphoproliferative diseases in
other New World primate species and in rabbits (reviewed in
references 15 and 16). Lymphoid T-cell lines derived from
tumors contain multiple copies of nonintegrated covalently
closed circular viral DNA molecules (25. 40). The protein-
coding DNA (L-DNA) of virus particles has 112 kilobase
pairs (kb); however, large parts of L-DNA sequences can be
missing in the viral genomes persisting in nonproducer
lymphoid cell lines (10, 40). Only L-DNA sequences from
the left and right termini (about 30 kb) appear always to be
preserved in the nonintegrated viral genomes (34). We found
a single polyadenylated viral transcript of -2,500 nucleo-
tides in cultured nonproducer lymphoma cells (27). This
transcript was mapped within the KpiI D fragment of
herpesvirus saimiri virion L-DNA between genome coordi-
nates 0.89 and 0.93. Small amounts of the same mRNA were
also found in permissive owl monkey kidney (OMK) cell
cultures when protein synthesis was blocked with cyclohex-
imide before virus infection (6). However, the initial conclu-
sion that this genomic region represents the immediate early
gene of herpesvirus saimiri needed revision. The 2.5-kb
transcription unit is unusual in its regulation. The initial
presence of the 2.5-kb mRNA could have been due to
inoculation conditions, and the RNA is most abundantly
found late in virus replication (6). Transfection of fusion
genes with the promoter onto cultured cells did not result in
transient expression (R. ROger and W. Bodemer, unpub-
lished results). In addition, another herpesvirus saimiri gene
was reported as immediate early by P. Smith and R. Honess
(personal communication). It thus seemed doubtful that the
2.5-kb transcription unit would be the functional equivalent
of the regulatory immediate early genes in other herpes-
viruses. Further experiments showed that a long open read-
ing frame (882 base pairs [bp], encoding a -33.5-kilodalton
[kDa] polypeptide) of the herpesvirus saimiri 2.5-kb gene has
extensive sequence homology with the thymidylate synthase
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(TS) genes from the bacteria Escherichia coli, Lactobacillus
casei, and Bacillus si,btilis, from bacteriophage T4, and from
human cells (22). The amino acid sequence derived from the
herpesvirus saimiri gene was 70% identical with human TS.
Results of experiments with monospecific rabbit antisera
indicated that a TS activity could be precipitated from
infected cells with a late viral polypeptide of about 30 kDa,
leaving little doubt that the herpesvirus gene encodes a
functional viral TS (22). This study gives the nucleotide
sequence of the entire viral TS gene, reports mapping of the
mRNA, and structurally compares the herpesvirus saimiri
TS L-DNA region with other known TS genes. The results
suggest that the coding DNA of the herpesvirus saimiri TS
gene, which appears expressed, unlike all other virus genes,
has been acquired from the cellular genome, probably with-
out flanking cellular regulatory sequences.

MATERIALS AND) METHODS
Cloning procedures. HinidIII subfragments of existing L-

DNA clones (27, 35) were subcloned in the plasmid vector
pUC-8 and isolated from E. coli HB101 by standard proce-
dures (21).
RNA isolation. Total cellular RNA was isolated from

uninfected OMK cells, OMK cells infected with herpesvirus
saimiri in the presence of cycloheximide (100 Vig/ml), or
OMK cells in the late stages of herpesvirus saimiri infection.
The RNA was prepared by the guanidinium-isothiocyanate
procedure with slight modifications (18, 27).
DNA sequencing. Cloned DNA fragments were digested

with restriction endonucleases BglII, DdeI, DraI, HindlII,
Hinfl, KpI,Il and XbalI (Boehringer GmbH, Mannheim,
Federal Republic of Germany) and labeled at the 5' and 3'
termini with T4 polynucleotide kinase (Boehringer) and
terminal transferase (Bethesda Research Laboratories, Inc.,
Gaithersburg, Md.), respectively. Subsequent cleavage with
a second restriction endonuclease generated fragments with
one 32P-labeled terminus that were sequenced by the proto-
col of Maxam and Gilbert (30). A few DNA fragments were
sequenced by the dideoxy-chain termination method (33)
with bacteriophage derivatives M13mpl8/19 (41).
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FIG. 1. Restriction endonuclease maps of the herpesvirus saimiri strain 11 L-DNA and of the 3.3-kb segment encompassing the entire TS
gene. Functionally important genome regions are indicated: The L-DNA sequences preserved in all lymphoid tumor cell lines and in
vitro-transformed cells (10. 16, 34, 40) and the enhancer sequence of herpesvirus saimiri (35). The strategy for sequencing the TS gene by
Maxam-Gilbert degradation is symbolized by arrows at the bottom of the figure. The direction of transcription from the TS gene is indicated
by an arrow.

Nuclease mapping of mRNA. DNA fragments were end
labeled with T4 polynucleotide kinase or with the Klenow
fragment of DNA polymerase I. After further cleavage with
appropriate restriction endonucleases, the fragments were
precipitated with ethanol. The DNA was denatured, frozen
in liquid N2, and dissolved with mRNA in a small volume (30

.lI) of hybridization buffer (40 mM PIPES [piperazine-N,N'-
bis(2-ethanesulfonic acid)], 1 mM EDTA, 0.4 M NaCl, and
80% purified formamide) (14). Hybridization of DNA and
RNA was performed for 2 to 12 hours at 25 to 370C,
dependent on the G+C content of the DNA fragment. After
hybridization, 300 p.1 of ice-cold SI buffer (30 mM sodium
acetate, 50 mM NaCI, 1 mM ZnSO4, 20 pLg of salmon sperm
DNA per ml, 5% [vol/vol] glycerol [pH 6.7]) was added.
Endonuclease SI (Bethesda Research Laboratories) was
used for 1 h at 25°C with a final activity of 1,000 U/ml. The
endonuclease digestion was stopped by a phenol extraction.
Labeled protected DNA fragments were precipitated with
ethanol from the aqueous phase and analyzed on
nondenaturing and denaturing 1.5% (wt/vol) agarose or 4%
(wt/vol) polyacrylamide gels. The gels were exposed to
X-ray film (X-Omat; Eastman Kodak Co., Rochester, N.Y.).
Primer extension analysis. Oligonucleotide primer synthe-

sis was performed in a DNA synthesizer (model 380A:
Applied Biosystems, Foster City, Calif.) by a solid-phase
phosphoamidite method; the product was purified by poly-
acrylamide gel electrophoresis. Primer DNA was annealed
with mRNA in hybridization buffer under the conditions of
Si mapping. The hybrids of DNA primer and RNA were
precipitated in the presence of 0.3 M sodium acetate with 2.5
volumes of ethanol. After freeze-drying, the pellet was
suspended in 50 .1l buffer consisting of 24 mM Tris hydro-

chloride (pH 8.3), 16 mM MgClI, 8 mM dithiothreitol, 0.5
mM dGTP, 0.5 mM dTTP, 0.5 mM dCTP, and 40 p.Ci of
[&232PIdATP. cDNA was synthesized at 42°C for 45 min with
5 U of reverse transcriptase (Boehringer). After the addition
of 40 mM cold dATP, the reaction mixture was incubated for
additional 45 min at 42°C. The radioactively labeled primer
extension product was precipitated with ethanol, and its size
was determined on denaturing 7.5% (wt/vol) polyacrylamide
gels with known DNA sequence ladders.
Computer analysis. The complete nucleotide sequence was

analyzed with a computer (type VAX 11/780: Digital Equip-
ment), using programs of the University of Wisconsin
Genetics Computer Group with data banks of nucleotide
sequences (GenBank; European Molecular Biology Labora-
tory) and proteins (National Biological Research Fund) (11).

RESULTS

Determination of the primary structure. The entire TS
transcription unit is contained within four adjacent HinidIII
fragments totaling up to about 3.3 kb (Fig. 1). Restriction
maps were generated for each cloned HinidIll fragment by
single or multiple cleavages with the restriction
endonucleases BglII, DdleI, Dm.l, HinidIII, Hinitl, KpnI, and
XbaI. The relative orientation of the HinidllI fragments was
determined by the physical mapping of the Kpnl D fragment
and of a cloned 2.6-kb XbaI fragment containing the entire
transcription unit (Fig. 1). Partial digestion experiments did
exclude the presence of smaller Hi,idIII fragments. The
nucleotide sequencing strategy is indicated in Fig. 1. Indi-
vidual restriction fragments were radioactively labeled from
5' ends (for BglII, Dde1, HindIII, Hilfl, and XbtI) or from 3'
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AACtrGrTCTTTAGTATGATCTTAGCATGATCTTAGCATGTTCTTAGCATGTTGCTACACTGCATCAGTGATTTT(3.CTCATGTCAACTATGTTGTTG 100

CATGTAGrTTGTATGTTAGC;CATGAAGTTCACGTGTTTGAGGCATGAAGTGATCTATTTTAGATCACTTCATGCTTAAACATACGTTAtAATCCTTGCTrc 200

TGAGTTTCTCGAACTGTGATTGGATAACTCATTTTTAAGCATTCTGATTGGATCAGAGCGTAAGTGATCTACTAGAGGCGAGCTTTTGAr TCGItTAGAG 300

KPN* * *
CAGCAGCCAATAGAAATGCAGACAGTGATCTTATATAGTATAGTTATTCGGTAATGAATATTCGGTACTGAAAAATCTATTTTTTAATTTAATTTATTTT40

ATATTAATT TACCTATACTTGTTATCGGTA TAGAGGTATC6GTATATGTATTTC TATACCGATATATCGGTATAGAGACGAAATGACTC;TC TGTTTAGT 500

ATTTTTAGAAAATGCAGCACTGTTTTATGTGGTGTGTTTATATAAAGCATGCTAGCTACTGACTGTGTTTTTAATTGAGAAACAGCTTTTGTGGCTGC60

ATTTTTGAG;(rG GGCAAGCAAGCTAGAGCTGCTTGGCTCACTTGCTCAGTGAAGCCCGAAGAAGCTGGTCATGATTTTGAGCTCTCCCAGCTTA 700

HN DIIIAAAATTTAAACCTGCTTAAGGTTGTGACA"AATTAAAATTTAAA~TTTTAGAAT GCTTGTGGATAAA GCTG-AAAAATACA'AGCT)TTATTGTGT 800

* * *H4 *l

TGCAAAATTTATACTGCAATTTAAGCACAAAAAACACAC TGAATAATrTATTTGCTACAGTGAGCTATATTTCCAGCTAAAAATTACTTGCTTAAAATTAA 900

TGCTTTAAATTGTGAATAATTTATTATGTAAAGAAAATAT TTTGTGTGATTTTATTGAGCCATTGAAATAATTTTTTGTATTTAATTGCTGCGAAAACA 1000

. . . . . . * .

ATTGTAGAArrTTAATTAATTCATGGAAAAMCAATTTGAAATATTTAATGGTTACAATCATTGTTGTGAAAACAATTGATATTTAATTCAGCTATGAAAAA 1100

TAT-TTGAATATTACATGGTTGTAAGAATATTGTAGCATTTAAGC TTTCAGCCTATGGAGATGTTTAATGGCAATGTGAATAT TTTAGCATATTGTATGGT 1200

TGTGAGAAT;tTATTGTGGC;TTCAAGTCA;CTATC^AAAA;ATTGATAT T AATTACAGC;TGTATAT TT ATGACTTTTATTTAGCTG;GAAA^TATA 1300

CAGTGTAAAAATTGACATTTAATTAAGCTATCAAAATATTTCATAGTTTATTTGTTCAGTGAAAATACATTGCATTTTTATTGTTGTAAG-A-A-A-ATCTG 14

TATCATTAATTGTTGTAAACATTGCATTTTATTAATTTAGTATTGTGTAAGACACA rTTTACAATGCATCtTGGATTGAAGTGGTTTGTTTCTTTTCTAC; 1500

TACGTATTTArTTTGGTCACTTCATATTCATACCTTGATTTATTTCTTTTCATAT TTTTGAACTTTAATTCTTATATT TTTTCATATTTTTTATGTGCACA 1600

ATTTTACCGCTCTTTAGTTTATGGT TGCACAATTTTTAC TGAAC TATTAAATTTAAAAA-;A-TAAGT TTATAAAGCTGTATAATACATTTTTAATGTGCT 1700

CAAACGTAACTTTTGCACAATATATTAATTTTAATTTTGGTTTTTAC TTTATTTGCAGATAAAAATGA~CAAAAT TTAAGT TTTATGTTTTATTTGTAT 1800

TATGGACACTTTATACAGTATATTAACTAAAACTTGACAAArAATAAGATGTCAACACACACAGAAGAACAGCATGGAGACACCAGTACCTCTCACAG 1900
METSERTHRHisTHGLUGLuGLNHI SGLYGLUHI SGLNTYRLEUSERGLNV

TACAGCACATTTTAAATTATGGGTCATT TAAAAATGACAGAACAGGGAC TGGAACACTGAGTATTTTTGGAACACAGTCTAGGTTTAGTTTAGAAAGA 2000
ALGLNH! IS1LELEUASNTYRGLYSERPHELYSASNASPARGTHRGLYTHRGLYTHRLEUSER ILEPHEGLYTHRGLNSERARGPHESERLELGLUASAsL

ATTTCCACrTTTTAACTACTAAGAGAGTATTTTGGAGAGGTGTTGTTGAAGAACTGTTGTGGTTTATCAGAGGATCTACTGACAGCAAAGAGCTATCAGCA 2100
UPHEPROLEuLEUTHRTHRLYSARGVALPHETRPARGGLYVALVALGLUGLULEULEUTRPPHE ILEARGGLYSERTHRASPSERLYSGLL-EUSERALA

,XIBA I.
GCTGGCGTGCACATTTGGGATGCGAATGGA'^C TAGATCA TTTTTAGATAAACTrTGGTTTTTATGACAGAGATGAAGGAGATC TTGGACCTGTGTATGGAT 2200
ALAGLYVALHISILETRPASPALAASNGLYSERARGSERPHELEUASPLYSLEUGLYPHErYRASPARGAsPGLUGLYASLEuGLYPROVALTYRGLYP

TTCAGTG,GAGGCAT TT'GG;GCAGAATATAAGGTGTTGGGCGCGATTATAAAGGAGAAGGAGT TGACCAATTAAAACAG rTGATTGATACTATAAAAAC 2300
HEGLNTrRPARGH ISPH4EiLYALAGLuTrYQL YsGL YVALGLYARGAsPTrYRL YsGLYr-tuGLYVALAsPGLNLEuL YsGLNLEU ILEAsPTHR ILEL YSTm

AAACCCTACAGATAGAAGGA TGTTAATGTGTGCTrTGGAATG TTTCAGAC TTC C TAAAA GGTGTTGCCGCCTTGTCATGTATTAAGTCAATTTTATGTC 2400
PAsNPRoTHRAsPARGARGMETLEUMETCYsALATRPASNVALSERASPILEPROLYSMETVALLEUPROPROCYSHI SVALLEUSERGLNPHETYRVAL

HIN Dlil
TGTGATGGA*G CCCAACTGTATCAAAGATCAGCTGATG6GGTTAGGAGTGCCATTTAACATTGCTAGCTATTCTCTTTTAACTTGCATGA 2500
CYSASPGLYLYSLEUSERCYSGLNLEUTYRGLNARGSERALAASPMETGLYLEUGLYVALPROPHEASNILEALASERTYRSERLEULEUrHRCYSMETI

TTGCTCATGTCACTAATC TAfTGC TTGGAtiAGTTTATCC;TACTrATAGCGAGTGC TCACATC TATGTAG;TCACAT TGATGC TCTTAATGCAGTTGAC 2600
LEALAHisVALTHRAsNLEuVALLEUGLYGLUPHEILEHisTHRILEGLYAsPALAHiSILETYRVALAspHISILEAsPALALEU-YSMETGLNLEuTH

GCGAACTCCTAGACCGrTTTCCAACACTrTAGArTTTGCTrAGAAATGTTTCATGCATTGATGAC TTTAAAGCAGATGACATTATATTAGAAAACTAT*AcccA 27M
RARGTHRPRoARGPROPHEPRoTHRLEuARGPHEALAARGASNVALSERCYS ILEASPASPPHELYSALAASPASPILE ILELEUGLUASNTYRASNPRO

NDE I
CACCCTATAATTAAAATGCTATGGCTGTTTAAGAAAAATAACATGTAAAACGTATCATAAACTAAAACACTTACATTGTAACTACATTTTTCATAGCTG 2800
Hi SPROILE ILELYSMETHI SMETALAVALEND

TTTTAAAAGT GTTT1AAAACGTATTTACTTGTCTGTTGAATGATTTCTGGGGCT§GACTTAAACCAAGTGAATCATTAAGTTTTAGGTAGT
. XBA I

ATCTTTAAGTTTTAGAC TTACAATACCAC TGT'CTAGAAT TTTAAAAGAAAGACAACAATCATA TAAAT TTTAAATATCrTTrTTATTTGAAGAGCATTTATG 30

CCTTTTACAATTTCTTCTCTGAGCTCATCAGTACAATCAAGAGTAGACACAGAT TCACATATCGTGTCT TCTGCGATAGAGATGT TTCTCTGTATTGcAA 3100

AACACTGAGTAAATGTCATTGCATAAACATCTTTGATGTAATCAATTGAAATTTTATAGTTTGGTAAATTGTCCATAGGCATTCTTAAGCAAGATTCGCC 3200

AATGTGCAACGTCTGGCACrTAAATGTCAGACAAATACTGAGGCAATCATCTTTTTCAAAAAAATTGGATAACGTTGrGTCCAGCTTCTTTTACTACA 3300

NDE I . . HIN DIII
ACA'ATGCGTATAAGAGCTCTGGCTGAGTA;GCTT 3336
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FIG. 3. Reading frame analysis of the four Hi,ndlll-DNA fragments composing the herpesvirus saimiri TS gene. The reading fralme
encoding TS is symbolized by a dashed box. Bars above the lines indicate ATG codons. bars crossing the lines are stop codons. Transcription
initiation (5') and polyadenylation sites (3') are indicated by arrows.

ends (for DrtaI) and sequenced by chemical degradation.
When a single strand was used for sequencing, the reaction
was performed independently and read identically at least
twice. Two fragments that left ambiguities were inserted into
the multiple cloning site of the bacteriophage derivative M13
mp 18/19 for sequencing by the dideoxynucleotide chain
termination procedure. The entire sequence of 3,336 nudle-
otides is presented in Fig. 2. Reading frame analysis indi-
cated a single open reading frame of 882 nucleotides. This
DNA sequence can code for a polypeptide of 33,498 daltons
(Fig. 3). The protein has striking structural homologies to
procaryotic and human cellular TS, and in a previous study
a functional TS has actually been demonstrated as it binds 5'
fluoro-dUMP and 5', 10'-methylenetetrahydrofolic acid (22).
No other translational reading frame for a polypeptide of
-45 amino acids was found within the full length of the four
sequenced HindIII fragments in the direction of transcrip-
tion. This was consistent with the results of in vitro transla-
tion experiments with hybrid-selected RNA: when RNA
from OMK cells late after virus infection was hybridized
with the immobilized cloned viral DNA, eluted from solid
phase, and translated in a rabbit reticulocyte lysate, a single
virus-specific polypeptide with an apparent molecular mass
of about 33 kDa was detected in denaturing polyacrylamide
gels (Fig. 4). Thus, the single open reading frame encodes a

33.5-kDa protein with TS activity.
Transcript mapping. Transcription initiation and poly-

adenylation sites of the 2.5-kb RNA were localized by
nuclease protection analyses. poly(A)+ RNA extracted from
OMK cells 40 h after infection was hybridized with the
5'-labeled Hi,ndIII fragment of 786 nucleotides: DNA-RNA
hybrids were treated with nuclease Si and then sized in

nondenaturing agarose and polyacrylamide gels (Fig. 5A). A

protected hybrid fragment of about 158 ± 5 nucleotides was

detected, placing the start site for transcription at around
nucleotide 642, if there were no splicing in the formation of
late 2.5-kb mRNA. The putative cap site of this transcript
was more precisely mapped by primer extension synthesis.
A synthetic oligonucleotide of 30 residues, corresponding to
the transcribed DNA strand between positions 689 and 660
(5'-AGCTCAAAATCATGACCAGCTTCTTCGGGC-3'),
was synthesized by solid-phase-phosphoamidite chemistry.
It was hybridized with the 2.5-kb RNA, and the 3' terminus
of the DNA primer was elongated by reverse transcription in
the presence of [oL-32P]dATP. The synthetic DNA primer
was mostly extended by 18 nucleotides (Fig. 6). Thus,
apparently. nucleotide 642 corresponds to the 5' terminus of
viral mRNA and to the initiation of transcription. The
autoradiogram in Fig. 6 shows, in part, a number of weak
bands corresponding to a radioactive extension product of 36
to 44 nucleotides. Though this could be due to secondary
transcription initiation sites or RNA degradation, it may also
be catused by artificial premature termination of reverse

transcription. Repeated experiments with immediate early
and late RNA gave the same pattern consistently, suggesting
that secondary structure of RNA may be responsible for

premature termination. The oligonucleotide with 49 bases.
seen in low molarities in lanes 1 and 2 of Fig. 6, is probatbly
the extension artifact that can be observed with capped RNA
(28). These results thus indicate that the 5' end of the '.5-kb
mRNA corresponds to nucleotide 642, whether isolated
under a cycloheximide block or at late times of virus
replication. It excluded splicing within the first 145 nucleo-
tides of the primary transcript. The nucleotide motif
TATATAA precedes the transcription initiation point by 30
bases: it represents a canonical TATA sequence, as it is

FIG. 2. Complete nucleotide sequence of four Hinidlll DNA fragments composing the herpesvir-us saimiri TS gene. Signals for initiation
and termination of transcription are boxed. The cap site and the polyadenylation site are indicated by, arrows. Ihe seqLuence of the
oligonucleotide used for primer extension experiments is underlined. The amino acid sequence corresponds to the single long open reading
frame in the direction of transcription.
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2 3 4 5 6 nucleotide 2828 (Fig. 2). The polyadenylation site of the
herpesvirus saimiri rs gene is in the immediate vicinity of
the sequence motif CAYTG that is known to flank 3' ends of
eucaryotic trianscription units (17). Several GT-rich motifs
are located immediately downstream of the polyadenylation
site, as frequently found in eucaryotic genes (5).
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FIG. 4. Hybrid-selected in vitro trcanslation of TS RNA. Late
RNA was isolated from lytically infected OMK cells, hybridized
with cloned viral DNA, alnd eluted from filters, alnd 35S-labeled
proteins were synthesized in vitro with rabbit reticulocyte lysates.
Lane 1. Moleculacr weight mnarkers (68.000. 44.000. 30.000): lane 2.

translation of RNA from uninfected OMK cells: lanes 3 aind 5.
translation of RNA from transformed lymphoid tumor cell line 1670:
lane 4. translation of late RNA from infected cells ait 30 h postin-
fection: lane 6. late RNA selected with the cloned Kpln D fr-agment
of herpesvirus saimiri L-DNA and translated in vitro.

frequently found as a promoter element at this distance from
trainscription initi-ation points.
The 3' terminus of the viral RNA was mapped first by

nuclease protection experiments with the Hi,idlII fragment
of 921 bp. Ihe recessed DNA strands were 32P labeled by
extension of 3' ends with Klenow fragment of DNA poly-
merase L, they were hybridized with the late 2.5-kb RNA,
treated with SI nuclease, and the sizes of RNA-DNA
hybrids were determined in nondenaturing agarose gels. This
placed the 3' end ot the transcript between nucleotides 2825
and 2835 (about 400 nucleotides from the Hi,idIII cleavage
site) (Fig. 2 and SD). The position of the polyadenylation site
was more closely determined by SI analysis with the 3'-
labeled NdelI fraigment between nucleotides 2720 and 3303
(Fig. 2) and electrophoresis in a denaturing 7.5Cc (wt/vol)
polyacrylamide gel. The polyadenylation site was fouLnd 10
± 4 nucleotides downstream of the signall sequence
AATAAA. Considering the known consensus sequences of
polyadenylation sites and their minimal spacing to the
AATAAA motif (5. 31), we assumed that the polyadenyla-
tion site for the TS trainscript of herpesvirus saimiri is

_

-. '0

FIG. 5. Endonuclease SI protection analyses of TS mRNA with
the four H-intdIll DNA fragments covering the entire gene. (A)
Protection analysis of the 786-bp fragment (nucleotides 1 through
786 in Fig. 2). Lane 1. 5'-labeled DNA fragment: lane 2. labeled
DNA fraigment after denaturation and renaturation: lane 3. labeled
DNA fragment hybridized with RNA from infected cells and di-
gested with Si nuclease: lane 4. labeled DNA fragment denltured
and digested with SI nuclease: lane 5, labeled DNA denatured.
incubated with yeast RNA under reannealing conditions, a(nd di-
gested with SI: lane M. size markers. (B) Protection analysis of the
internal 354-bp fraigment (nucleotides 787 through 1141 in Fig. 2).
Lane 1. 3'-labeled DNA fraggment: lane 2. labeled DNA fr-agment
after denatur-ation and renaturation: lane 3. unprotected single
striands digested with SI: lane 4. labeled DNA fragment hybridized
with RNA f-om infected OMK cells: lane 5. labeled DNA fragment
denatured. incubated with yeast RNAunder reannealing conditions,
and digested with Si. (C) Protection analysis of the internal 1.269-bp
fragment (nucleotides 1142 through 2410 in Fig. 2). Lane 1. 3'-
labeled DNA: lane 2. labeled DNA fragment after denaturation and
renatULration: lane 3. unprotected single strands degr-aded by Si
nuclease: lane 4. labeled DNA fragment hybridized with RNAfrom
infected OMK cells aind digested with SI nucleaise: lane 5. control
with veast RNA. (D) Pi-otection analysis of the 921-bp fragment
(nucleotides 2411 through 3331 in Fig. 2) containing the polyadenyla-
tion site. Lane 1. 3'-labeled DNA fagment: lane 2. labeled DNA
fragment after denIturation and renaturationn: lane 3. unprotected
single-str.anded DNA degralded by Si: lane 4. labeled DNA hybrid-
ized with RNA from infected cells and incubated with SI nuclease;
1lane 5. yeast control. In panels B through D. the fraigments of about
2.5 kb are 3'-labeled DNA of cloning vector pUC8.
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FIG. 6. Primer extension analysis to determine the 5' end ot the
TS mRNA. RNA extracted from OMK cells under a cycloheximide
block (lane 1) or late times after infection (lanes 2 and 3) was
hybridized with a synthetic oligonucleotide corresponding to the
coding strand from nucleotides 660 through 689 (Fig. 2). The
unlabeled primer was extended by reverse transcriptase with cx-32P-
labeled dATP. The large radioactive spots of 30 nucleotides (nt) are
5'-labeled primers (lane 4). The labeled nucleotides were sized by
running them in parallel to a sequence ladder.

G + C
5'

Nuclease Si protection analysis of the 2.5-kb mRNA with
the internal HinidIII fragments of 354 and 1,269 bp under
denaturing agarose gel conditions did not give evidence for
transcript splicing (Fig. SB and C). The protected bands
appeared rather weak; this obvious technical problem was
probably due to the very high A+T content (up to 80%) of
those DNA fragments, resulting in a low RNA-DNA hybrid
stability. The absence of RNA splicing was confirmed by
digestion of RNA-DNA hybrids with exonuclease VII (data
not shown). This altogether indicates that the TS transcrip-
tion unit does not contain an intron; the mature 2.5-kb RNA
is formed without splicing. It is consistent with the results of
earlier Northern blotting experiments in which very limited
space was left for RNA splicing (6).

Structural comparisons. Mapping of the transcription ini-
tiation site (nucleotide 642) indicated that the TS mRNA of
herpesvirus saimiri has a 5' untranslated sequence of 1,207
nucleotides. This sequence is exceptionally high in average
A+T composition (76%), significantly higher than the pro-
tein-coding sequence (62%) and the 3' untranslated region
(69%) (Fig. 7). A striking feature of the 5' untranslated region
in the thymidylate synthase gene of herpesvirus saimiri is its
extreme length. The 5' untranslated sequence of the TS gene
in herpesvirus saimiri contains 22 ATG triplets that are
shortly followed by stop codons. This forms 19 very short
open reading frames in front of the long TS frame (Fig. 3).
The sequence conservation between the TS gene of herpes-
virus saimirl and its procaryotic or eucaryotic counterparts
was found to be confined to the corresponding long open
reading frames. Figure 8 shows dot plot analyses of the
amino acid sequences in TSs of herpesvirus saimiri with E.
coli (4), L. c((si (29), bacteriophage T4 (7), and human cells
(37). These computer analyses essentially confirmed the
sequence comparisons presented in the previous report (22).
Evolutionary divergence appears to have introduced two
short segments of divergence (amino acids 92 through 109
and 122 through 139 of herpesvirus saimiri TS), resulting in
some expansion or contraction of the proteins. It left three
precisely colinear blocks of amino acids in the herpesvirus

N C3'
44

A +T

FIG. 7. Distribution of the G+C and A+T content within the herpesvirus satimiri TS gene. Arrows indicate the transcription initiation site
(5') and the polyadenylation signal (3') for the mRNA alnd also the amino (N) and carboxy (C) termini of the TS-coding reading frame.
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FIG. 8. Computer-based dot matrix comparisons of the amino acid sequences of the TS gene in herpesvirus saimiri with TS genes from
E. (oli (A), L. (as(ei cells (B). bacteriophage T4 (C). and human cells (D). The ainalysis was performed to indicate a homology of 8 amino acids
within a window of 30 amino acids. The herpesvirus saimiri sequence is delineated on the aibscissa (294 amino acids).

saimiri TS gene, having 47% identity with the E. coli and L.
(asei genes and having 42% identity with the bacteriophage
T4 gene. The enzymes from human cells and herpesvirus
saimiri were found to be 70%k identical without a single
amino acid inserted or deleted within the entire sequence of
homology. The human TS is slightly higher in molecular
mass (35.675 kDa), as it has an additional amino-terminal
sequence of 19 amino acids. Nucleotide sequence composi-
tion in the TS genes did reflect the patterns of amino acid
identity. These computer studies, however, did not recog-

nize any DNA sequence homology in the untranslated
regions of the transcription units or in the transcriptional
regulatory sequences of the various TS genes (Fig. 9).

DISCUSSION

Herpesvirus saimiri encodes a TS of 33.5 kDa which
closely resembles in primary structure the equivalent en-

zyme of human cells and has striking similarities with the
TSs from various procaryotes (E. coli. L. casci, B. subtilis
bacteriophage 3T, and phage T4) (22). The TS gene of
herpesvirus saimiri appeared to be very weakly transcribed
into a 2.5-kb mRNA at conditions of immediate early ex-

pression; it is strongly expressed during the late phase of
replication (6). The same transcripts were found in cultured
lymphoid tumor cells in the absence of any other detectable
virus mRNA (27). This paper describes the highly unusual
structural organization of the TS gene in her-pesvirus saimiri.

DNA sequencing of the entire viral gene and nuclease
protection analyses revealed a nonspliced mRNA, consisting
of 2,187 nucleotides from the 5' end to the polyadenylation
site. The 5' untranslated sequence of this RNA is unusually
long; it measures 1,207 nucleotides and has multiple trans-
lational start and stop codons in series. This seems to be
unique for the herpesvirus saimiri TS gene. In contrast to the
open reading frames, nucleotide sequences of 5' and 3'
untranslated RNA did not show homology with the untransl-
ated parts of the characterized human or procaryotic TS
genes.
Long 5' untranslated regions had been found in regulatory

genes for differentiation (mouse c-mvyc) (9), for homone
release (luteinizing-hormone-releasing hormone [36]), and
for metabolic control (general control nonderepressible gene
of yeast [GCN4]) (38) and in the genes for growth factors
such as insulin-like growth factor (IGF II/MSA) (12) and
platelet-derived growth factor. [3-chain (PDGF) (8). How-
ever, none of these genes exceeds the herpesvirus saimiri TS
gene in the length of the 5' untranslated sequence. Fully
chartcterized regulatory (1) and structural protein (39) genes
of herpesviruses did not have comparable 5' untranslatted
RNA sequences. The long 5' untranslated regions of regula-
tory genes appear to be of functional importance; it was

shown that deletion variants of the noncoding DNA of the
mouse c-mvc gene and GCN4 in yeast cells are more

effectively translated in vitro (9) and in living cells (20).
Herpesviruses with a high G+C content in their protein-
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FIG. 9. Computer-based dot matrix comparison of the nucleotide sequence in the TS gene of herpesvirus saimiri with TS sequences trom
E. coli (A) and human cells (B). The herpesvirus saimiri sequence is on the horizontal axis (3.336 nucleotides).

coding DNA, such as herpes simplex virus type 1 (67%) (32).
pseudorabies virus (69%) (19), and human cytomegalovirus
(56%) (13), did not induce TS activity in permissive cells
during virus replication (22), and no nucleotide or amino acid
sequence homology was detected in a comparison of the TS
gene of herpesvirus saimiri with the entire sequence of
Epstein-Barr virus B95-8 (59%) (3). On the other hand, the
varicella-zoster virus (VZV), which has a low G+C genome
(46%) (23), does encode a TS protein sharing amino acid
sequence homology with the TS of herpesvirus saimiri and
human cells (R. Honess and A. Davison, personal commu-
nication). Thus, so far, TS genes were found only in
herpesviruses with low G+C content in their viral DNA;
however, there is no correlation with taxonomic subgroup-
ing. This raises questions concerning the evolutionary origin
of TS genes in herpesvirus genomes and their functional
importance for viral replication. As concentrations of
deoxynucleotide triphosphates, first of all dTTP, are consid-
ered rate limiting in cellular DNA synthesis (2), the increase
of the dTTP pool in herpesvirus-infected cells by a virus-
instructed enzyme may accelerate replication of A+T-rich
herpesviruses, contributing to their high demand for dTTP.
However, a virus-encoded TS gene is not the sole determi-
nant of replication velocity, herpesvirus saimiri and vari-
cella-zoster virus, in general, replicate rather poorly in
culture systems, while herpes simplex and pseudorabies
viruses grow exceedingly fast.

It could be hypothesized that a progenitor herpesvirus had
a functional viral TS gene. The gene may have been lost
independently in different herpesvirus subgroups with the
evolution of some of their members to very high G+C
content. The pronounced shift to high G+C content in some
herpesviruses may not have been compatible with the con-

servation of an enzyme that requires extreme evolutionary
stability in amino acid sequence to preserve its functions.
However, another hypothesis that may be compatible with
all observations is that a few herpesviruses of different
subgroups have acquired their TS genes independently from
the host genome. So far, TS genes are restricted to very few
herpes group members. They are only found in varicella-
zoster virus (alpha herpesvirus) (R. Honess and A. Davison.
personal communication) and herpesvirus saimiri with its
close relatives (gamma herpesviruses) (22) (I. Puchtler and
B. Fleckenstein, unpublished results). The majority of
herpesviruses in all subgroups (including herpes simplex
virus and pseudorabies virus as alpha herpesviruses, human
cytomegalovirus as a beta herpesvirus, and Epstein-Barr
virus as a gamma herpesvirus) do not have the gene (22). The
idea of gene acquisition may also be supported by the
discoordinate gene expression of the TS gene found in
herpesvirus saimiri replication. Other herpesvirus genes are
coordinately regulated in transcription. For instance, imme-
diate early genes of herpesviruses are tightly repressed later
in virus replication; only a few examples of late transcription
of those genes have ben reported (24, 26). The TS gene of
herpesvirus saimiri appeared weakly expressed at early
times, and maximal concentrations of TS mRNA are found
late in virus replication, when DNA synthesis is believed to
have terminated (6). The atopic position of the translational
reading frame within the TS transcription unit, resulting in
an excessively long 5' untranslated sequence, could be the
consequence of an event in which the cellular TS-coding
DNA sequence was nearly precisely transposed into an
unrelated viral sequence environment. Future DNA se-
quencing work revealing the colinearity in gene organization
of the TS-coding herpesviruses will decide whether the TS
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genes were gained by randomly positioned insertion of a
cellular gene. So far, there is no other comparable example
known of cellular gene acquisition by a DNA virus.

Transcripts identical with the TS mRNA of lytically in-
fected permissive cells were found in lymphoid tumor cell
lines (27), and other polyadenylated transcripts were not
detected. Nonintegrated circular herpesvirus saimiri
genomes persisting in those cell lines can lose viral se-
quences totaling up to 73% of the coding DNA; however, the
TS gene of herpesvirus sainliri has always been preserved
(34). This could hint at a functional role of viral TS in
lymphocyte transformation. It had been demnonstrated that
dTTP depletion In TS- cultured cells can result in DNA
strand breaks (2) ahd chromosomal rearrangement (37).
Heritable disorders of the human TS gene have been re-
ported to correlate with fragile chromosomal sites and men-
tal retardation (37). Possibly, the continuous disregulated
expression of an aberrant herpesvirus saimiri TS protein in
persistently infected lymphoid cells could interfere with the
synthesis of normally functioning cellular TS, induce muta-
tions, and thus contribute to the neoplastic phenotype.
Future studies aimed at the deletion or replacement of the
herpesvirus saimiri TS gene may help to substantiate these
hypotheses.
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